Rydberg series of C 60 are reported for the …rst time. The Rydberg states are seen in photoelectron spectra using ultrashort pulsed laser excitation where the excited states formed are ionized with one further photon from the same laser pulse.The structure is observed for pulse durations as short as 100 fs with indications of residual structure for even shorter pulse excitation. The production mechanism is discussed and the Rydberg states are modelled by analytically solving the Schrödinger equation with a simple jellium-like potential for C60.
Fullerenes are very fruitful model systems for studying the dynamics of ionization and energy coupling in relatively complex systems with a large number of degrees of freedom [1] . However, in spite of their great contribution to our understanding of complex molecular dynamics, there are very few reports of high resolution spectroscopy of isolated gas phase fullerenes [2] [3] and very little is known about highly excited electronic states. This is related to the di¢culty of obtaining cold molecular beams of fullerenes. The absorption spectrum of an e¤usive beam of C 60 obtained from an oven heated to 500 o C is extremely broad and shows no …ne structure due to the high vibrational excitation in the molecules [4] [5] [6] [7] . The only reports of high resolution spectra all covered a limited low energy spectral range, 595-630 nm [2] [3] [8] . No resolved Rydberg series from fullerenes have ever been reported. A recent report did show that it is possible to produce unresolved high (n ¼180) Rydberg states in non mass-resolved fullerenes by using the technique of pulsed …eld recombination [9] . Rydberg states have also been controversially invoked to explain some of the features of delayed ionization from fullerenes [10] but the observations leading to this interpretation are now regarded as being attributable to …eld enhanced thermionic emission [11] .
In earlier work, we showed that the multiphoton ionization behavior of C 60 using near-IR pulses depends strongly on the time scale for the photoexcitation [12] . For pulse durations below 70 fs the ionization is predominantly via direct multiphoton ionization showing above threshold ionization (ATI). For intermediate pulse durations the ionization is predominantly statistical from a hot electron bath. Finally, for pulse durations beyond ca. 500 fs [13] the electronic excitation is coupled to vibrational excitation and the well-known statistical microsecond delayed ionization [1] , akin to thermionic emission, is observed. This ps time scale again yields a thermal electron distribution but at a lower temperature than the intermediate ionization process for the same excitation ‡uence [1] . Here we show that for relatively low excitation intensities there is a rich, reproducible structure that can be seen superimposed on the thermal background. This structure is due to the excitation of Rydberg series of the neutral C 60 that are produced and one-photon ionized within the same ultrashort laser pulse. The apparatus has been described previously [12] [14]. The main excitation source was a Ti:Saph regenerative ampli…er laser system (800 nm or 400 nm) providing a bandwidth limited pulse duration of 180fs (¢E¼10 meV). The pulse duration could be extended by detuning the compressor. The C 60 molecular beam was produced from an oven heated to 500 o C. The laser beam was perpendicular to both the C 60 beam and the axis of the time-of- ‡ight photoelectron and mass spectrometers. Xe was used for calibration of both the electron spectrometer and the laser intensity. Figure 1 shows photoelecton spectra (PES) obtained with 800 nm photons for a pulse duration of 1.5 ps and a laser intensity of (a) 3.6 x 10 12 W/cm 2 and (b) 1.1 x 10 12 W/cm 2 , respectively. These spectra have been plotted on a log-lin scale to illustrate the thermal nature of the electron kinetic energy distribution, as discussed in our previous publication [12] . Some residual ATI structure can be seen, especially for the low intensity spectrum where the thermal emission is much less than for the higher intensity. Figures 1(c) and (d) show extracts of these spectra, plotted with a lin-lin scale, for the low energy range up to 2 eV. The rich structure that can be seen in these spectra is very reproducible. It is most apparent in low intensity spectra for pulse durations on the order of a few ps but can also be seen for much shorter pulses. The structure becomes obscured by the strong thermal background signal as the laser intensity is increased (for a given pulse duration). Table 1 . The strongest peaks, i.e. those that are clearly seen as individual peaks in the spectrum are marked with an asterix (*). The …t has been checked for consistency by comparing with other PES obtained at 800 nm. The 1.5 ps spectrum is shown again in Fig. 2 (a) along with the best …t ( Fig. 2(b) ) and spectra obtained at other pulse durations, for comparison. The main structure is still clearly visible for a pulse duration of 180 fs ( Fig. 2( c) ) although the small high energy peaks cannot be fully resolved from the noise in this spectrum. The structure can be clearly seen up to the highest pulse duration that we have investigated, 5 ps. It is not possible to observe such details with shorter laser pulses due to the increased laser bandwidth. However, the structure is still apparent for 100 fs excitation (2(d)) and some residual, poorly resolved structure can be seen for pulse durations as low as 30 fs (¢E=85meV). The series of peaks converge to an electron kinetic energy corresponding to the photon energy (1.55 eV). This is strongly indicative of one-photon ionization of Rydberg states of the neutral C 60 . Support for this assumption comes from considering the e¤ect of the chirp of the laser pulse on the PES. If we compare the spectra measured for di¤erent chirps, the peak positions are shifted in energy by an amount comparable to the full width half maximum of the laser bandwidth. A negative chirp, i.e. where the blue edge leads and the red edge follows, gives rise to peaks at lower electron kinetic energies than a positively chirped pulse. This indicates that the formation of the Rydberg levels is independent of the laser chirp and the photoelectrons are produced predominantly from photons in the latter half of the laser pulse. The ion mass spectra show that under the conditions reported here we have only singlycharged C + 60 with no contribution from multiple charging or fragment ions.
PES have also been measured for 400 nm excitation. Figure 3(a) shows the spectrum obtained for a pulse duration of 2.1 ps and a laser intensity of 3 x 10 10 W/cm 2 . Again, a series of peaks is seen converging to the photon energy of 3.1 eV. In Fig. 3(b) the spectrum has been plotted as a function of electron binding energy, assuming that the structure is obtained via one-photon ionization of excited states. For comparison, we also show the 1.5 ps, 800 nm spectrum. The same structure is seen in both spectra although the resolution of the 400 nm experiment is poorer (laser bandwidth of ca. 20 meV). In the following, we will concentrate on the structure that is observed in both the 800 nm and 400 nm spectra. A more detailed analysis of the wavelength dependence of the lower-lying peaks will be given in a later publication.
In order to identify the origin of the peaks we have used a model single particle potential for C 60 [15] [16], plotted in Fig. 4(a) and solved the Schrödinger equation [17] to obtain the energy levels of the bound states. The binding energy of the HOMO (n = 2,`= 5) was found to be 7.58 eV, in excellent agreement with the ioniza- tion potential of C 60 . The experimental data (800 nm, 1.5 ps) are plotted as a function of 1/ p (binding energy) in Fig. 4(b) together with the calculated values of the three series that give the best …t to the experimental data (standard deviation -0:02). Comparison of the experimental data with all other calculated series gave signi…cantly higher standard deviations (> 0.03). Since the C 60 potential is not purely Coulombic but has more of a square-well character close to the cage atoms [15] [16], the plots of the calculated values deviate slightly from straight-line behavior. The experimental data can best be …tted to three Rydberg series corresponding to angular momentum quantum number`= 3 (f), 5(h) and 7(j). The assignments have been given in Table 1 for the peaks …tted to both the 800 nm and 400 nm data. The strongest series that we observe is`= 5, closely followed by`= 3 and 7. The HOMO electrons of C 60 have angular momentum`= 5. The observed series are consistent with the absorption of an even number of photons and indicate a direct excitation mechanism. Obviously, the model we are using is highly simpli…ed, however, it has been used successfully to model photoionization cross sections which gave a sensitive test of the width of the potential well [16] . Small changes to the form of the potential do not alter our conclusions, the best …t to the data is consistently found for`= 3, 5 and 7. Thus, although we should consider the absolute values of the energy levels of the Rydberg states obtained from this simple picture with care, the comparison does allow us to have con…dence in our peak assignments.
The bandwidth of the laser is much too narrow to allow the excitation of states covering 1-2 eV in energy. Similarly, the AC Stark shift in our experiments is only [18] , any vibrational state of C 60 can be regarded as having a complete set of excited electronic states. However, for low n's, IBO is not an exact separation which implies that states of the same total energy are mixed [18] . Molecules with vibrational energy content from 0 to (7.6 eV -6.2 eV) = 1.4 eV can then access all Rydberg states with binding energies less than 1.4 eV. These states can be one-photon ionized within the same laser pulse to give the observed structure. Molecules with a higher vibrational content will be excited to the ionization continuum and will contribute to the broad, unresolved peak underlying the Rydberg structure. The angular momentum selection rules tell us that the main populated series will have`= 3, 5 and 7, as observed in the experiment. The IBO gives a zero order basis which is then mixed when the Rydberg electron gets near the core. Excitation occurs near the core because that is where the electron is initially. That is why there are many n's that can be accessed during the mul-tiphoton process. Once it is excited, most of the time the Rydberg electron is far from the core. Therefore, one photon ionization occurs mainly when the electron is far from the core and so is uncoupled to the vibration: the core energy is conserved.
The recurrence time of the relatively low-lying Rydberg states will be on the order of 10-100 fs [1] The spectrum shows that the states, while broadened, are resolvable and so live for at least a couple of orbital periods. Therefore, the Rydberg electron will couple to the valence electrons leading to the equilibration of electronic states and the observed emission of thermal electrons on time scales which need to be a shade longer than the recurrence times. Table I ) and calculated binding energies (…lled symbols, Table II ) for`= 3 (triangles), 5 (circles), 7 (squares).
Our proposed mechanism is di¤erent from that used to interpret recent results concerning fs laser ionization of phenol [19] . These experiments have shown a similar structure in PES where the excited Rydberg states are thought to be populated via the non-radiative decay of a resonantly excited super-excited state in the ionization continuum [19] .
In conclusion, we have observed, for the …rst time, resolved spectra of Rydberg series in C 60 . At least three series are observed with energy levels that are consistent with the excitation of series with`= 3, 5 and 7. The assignment is supported by calculations using a jelliumlike potential for C 60 , previously used to calculate photoionization cross sections [16] . The Rydberg levels are directly excited and one-photon ionized within the same laser pulse.
